We have used atomic pair distribution function (PDF) analysis based on neutron powder diffraction data to investigate the local structure of the colossal magnetoresistant manganite La 0.75 Ca 0.25 MnO 3 as a function of temperature. In the doping range 0.17 < x < 0.5 these materials show a metal-to-insulator transition, transforming from a ferromagnetic metal (FM) at low temperature to a paramagnetic insulator (PI). We can probe the charge distribution of the sample using the PDF by searching for evidence of Jahn-Teller (JT) distorted octahedra, implying the presence of Mn 3+ ions. A two-phase model based on the local structures of the FM and PI phases was used to refine the experimental PDFs quantitatively. We observe the co-existence of both phases over a wide temperature range: approximately 10% of the localized JT phase (PI) is present even at the lowest temperature (T = 20 K), whereas at room temperature nearly half of the sample remains in the delocalized (FM) phase. 61.12.Ld; 70.80.Ga
Abstract.
We have used atomic pair distribution function (PDF) analysis based on neutron powder diffraction data to investigate the local structure of the colossal magnetoresistant manganite La 0.75 Ca 0.25 MnO 3 as a function of temperature. In the doping range 0.17 < x < 0.5 these materials show a metal-to-insulator transition, transforming from a ferromagnetic metal (FM) at low temperature to a paramagnetic insulator (PI). We can probe the charge distribution of the sample using the PDF by searching for evidence of Jahn-Teller (JT) distorted octahedra, implying the presence of Mn 3+ ions. A two-phase model based on the local structures of the FM and PI phases was used to refine the experimental PDFs quantitatively. We observe the co-existence of both phases over a wide temperature range: approximately 10% of the localized JT phase (PI) is present even at the lowest temperature (T = 20 K), whereas at room temperature nearly half of the sample remains in the delocalized (FM) phase.
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The precise nature of the metal-insulator (MI) transition in the colossal magnetoresistant (CMR) manganites is still the subject of considerable research. Of particular interest is the possibility that the samples are significantly inhomogeneous [1] and the transition has a percolative quality to it [2] . It is well known that the lattice plays an important role in the physics of the manganites through the Jahn-Teller distortion [3] . Indeed the observation of local structural changes at T c gave some of the first evidence for the polaronic nature of these materials [4] [5] [6] . This coupling of the electronic and lattice degrees of freedom allows us to study the nature of the electronic transition by studying the structure, in particular the local structure. The local structure is conveniently studied using the atomic pair distribution function (PDF) technique [7] . The PDF is the Fourier transform of powder diffraction data and * Corresponding author. (Fax: +1-505/665-2676, E-mail: tproffen@lanl.gov)
gives the probability of finding pairs of atoms separated by a distance-r. As CMR samples go into the metallic state on cooling the PDF peak at r = 2.75 Å abruptly sharpens indicating the loss of the local Jahn-Teller distortion in the metallic phase [4, 8] . In the metallic phase but just within the metallic phase it also appears that there is a nanometer lengthscale phase separation in the La 0.75 Ca 0.25 MnO 3 material with JT distorted localized material coexisting with delocalized and non-JT distorted material [9] . In the present work we attempt to quantify the evolution of this phase separation with temperature. Here, instead of simply monitoring peak-height which is a relative measure of the phase separation, we fit the data with models which exemplify the JT and non-JT distorted octahedra and quantify the phase separation on an absolute scale. Polaron correlations, thought to be important to the physics of the manganites, can be seen in the PDF [9] ; however, they are much better studied from single crystal diffuse scattering [5, 6] and are not discussed here.
Experimental
The La 0.75 Ca 0.25 MnO 3 sample was prepared by solid-state reaction. Details are given in [4, 9] . Neutron powder diffraction data were collected on the SEPD diffractometer at the Intense Pulsed Neutron Source (IPNS) at Argonne National Laboratory. The sample of about 10 g was sealed in a cylindrical vanadium tube with helium exchange gas. The sample was cooled using a closed cycle helium refrigerator (CCR). The empty CCR, an empty can mounted on the CCR and the empty instrument were all measured, allowing us to assess and subtract instrumental backgrounds. The scattering from a vanadium rod was also measured to allow the data to be normalized for the incident spectrum and detector efficiencies. Standard data corrections were carried out as described elsewhere [10] [11] [12] using the program PDFgetN [13] . The data are finally normalized by the total scattering cross-section of the sample to yield the reduced total scattering structure function
, S(Q). The pair distribution function (PDF), G(r) is then obtained via the Fourier transform of Q[S(Q) − 1].
The data were terminated at a value of Q max = 22Å −1 . The reduced total scattering cross section Q[S(Q) − 1] and the corresponding G(r) for T = 20 K are shown in Fig. 1 .
Refinements
The Mn 3+ ions are surrounded by a JT distorted MnO 6 octahedron. This distortion is visible in the PDF [14] . On the other hand, the Jahn-Teller (JT) distortion disappears around Mn 4+ ions and in the delocalized ferromagnetic metallic phase [4] . In this way the PDF is a local probe for charge localization. Full profile PDF refinements were carried out using the program PDFFIT [15] . The refinements were limited to the low r range between 1.7 < r < 3.2 Å. This range describes mainly the geometry of the MnO 6 octahedra. The model consists of a mixture of JT distorted octahedra and non-JT distorted, regular, octahedra. The initial structural parameters for both phases were taken from refinements of the undoped material, LaMnO 3 [14] (JT distorted) and La 0.75 Ca 0.25 MnO 3 at T = 20 K (regular). Since we are fitting over a very narrow range in r, the cross correlation term has been neglected. The only parameters refined are the phase fraction of JT versus Zener phase and a scale factor for lattice parameters and thermal parameters to account for the change in temperature. This gave a very constrained and stable refinement. Refinement results for two selected temperatures, T = 20 K and T = 220 K, are shown in Fig. 2 . These refinements allow one to extract the absolute proportions of JT and regular octahedra, which are related to the proportion of localized and delocalized charges in the sample. 
Results and discussion
The fraction of regular octahedra, f p , is shown in Fig. 3 . It is obtained directly from the two phase refinements described in the previous section. Several observations can be made by inspecting Fig. 3 : Even at the lowest temperature, T = 20 K, about 10% of the octahedra are JT distorted. This is consistent with earlier findings using PDF analysis based on high energy X-ray diffraction [9] .
The second observation is the onset of charge localization at temperatures below T c . This again is consistent with earlier work using PDF peak height analysis [4] . However, the earlier work did not allow conclusions about the absolute fractions of localized and delocalized carriers in the sample. Similarly, incomplete delocalization at x = 0.25 at low temperature was obtained from an x-dependent study in the Sr doped system by integrating the area under the nearest neighbor peak [16] and from XAFS [17] . The last observation from Fig. 3 is the fact that even at room temperature only about half of the sample has transformed into the JT phase and half of the sample remains in the Zener phase. This observation seems to be confirmed by recent neutron small angle scattering measurements [18] which also indicate that 50% of the sample is present in form of ferromagnetic clusters at room temperature. In other words, at room temperature, half of the sample is in the Zener phase.
At this point, we present these results as experimental findings based on the PDF analysis method. Efforts are currently under way to integrate these findings with theoretical predications for this class of CMR materials.
